Tat is an early regulatory protein that plays a major role in human HIV-1 replication and AIDS pathogenesis, and therefore, it represents a key target for the host immune response. In natural infection, however, Abs against Tat are produced only by a small fraction (ϳ20%) of asymptomatic individuals and are rarely seen in progressors, suggesting that Tat may possess properties diverting the adaptive immunity from generating humoral responses. Here we show that a Th1-type T cell response against Tat is predominant over a Th2-type B cell response in natural HIV-1 infection. This is likely due to the capability of Tat to selectively target and very efficiently enter CD1a-expressing monocyte-derived dendritic cells (MDDC), which represent a primary target for the recognition and response to virus Ag. Upon cellular uptake, Tat induces MDDC maturation and Th1-associated cytokines and ␤-chemokines production and polarizes the immune response in vitro to the Th1 pattern through the transcriptional activation of TNF-␣ gene expression. This requires the full conservation of Tat transactivation activity since neither MDDC maturation nor TNF-␣ production are found with either an oxidized Tat, which does not enter MDDC, or with a Tat protein mutated in the cysteine-rich region (cys22 Tat), which enters MDDC as the wild-type Tat but is transactivation silent. Consistently with these data, inoculation of monkeys with the native wild-type Tat induced a predominant Th1 response, whereas cys22 Tat generated mostly Th2 responses, therefore providing evidence that Tat induces a predominant Th1 polarized adaptive immune response in the host.
T he definition of the type, strength, and breadth of the immune response against HIV-1 is important for the identification of immune correlates of protection in natural HIV infection or after vaccination as well as of virus pathogenesis, i.e., mechanism(s) for eluding or diverting the immune response. The HIV-1 Tat protein is a regulatory protein produced early after infection, which plays key roles in HIV replication and AIDS pathogenesis, therefore representing a suitable target for the development of an anti-HIV vaccine (1) (2) (3) (4) . Indeed, in HIV-1-infected individuals the presence of a humoral immune response to Tat is associated with a reduced risk of disease progression (5) (6) (7) (8) (9) . In preclinical studies performed in mice and monkeys, vaccination with either the biologically active Tat protein or tat DNA was shown to be safe and immunogenic, inducing both humoral and cell-mediated immune responses capable of controlling virus replication and disease onset upon challenge with pathogenic simian HIV (SHIV) 3 (10 -13) . In natural HIV infection , however, anti-Tat Abs are produced by only a small fraction of individuals, predominantly in the asymptomatic stage (4) . In addition, similar frequencies of anti-Tat Ab-positive individuals are found in different geographical regions, which harbor multiple HIV-1 subtypes (6, 7, 14) . The reason for such a limited Ab response against Tat in infected individuals is unclear. In particular, it is unknown whether this is due to a limited recognition and response to Tat by the immune system in natural infection or to the predominant induction of Th1 T cells in the generation of the anti-Tat adaptive immune responses during primary infection. Indeed, Tat possesses adjuvant properties that may play a key role in influencing the development of the primary immune response (15) .
In particular, during acute infection of T cells by HIV-1, Tat is released in the extracellular milieu (15) (16) (17) (18) and taken up by neighbor cells and modulates the expression of several cytokines and chemokines (15) (16) (17) . These molecules not only alter the cell permissivity to productive HIV infection but also modulate multiple immune functions affecting the development of the adaptive immune response. In particular, native Tat targets and is selectively internalized by monocyte-derived dendritic cells (MDDC), promoting their maturation and Ag-presenting functions via pathways, which are capable of driving Th1-type responses (15) . This suggested that Tat acts as both Ag and adjuvant in the setting of a primary immune response (15) .
Here we show that a Th1-type T cell response against Tat is predominant over a Th2-type B cell response in asymptomatic HIV-1 infection. In vitro studies indicate that Tat targets CD1a-positive MDDC, which represent a primary target for the recognition and response to virus Ag, and induces their maturation and Th1-associated cytokines and ␤-chemokines production through the transcriptional activation of TNF-␣ gene expression, addressing to Th1-type immune responses in vitro. This effect requires the full conservation of Tat transactivation activity since neither MDDC maturation nor TNF-␣ production are found with either an oxidized Tat, which does not enter MDDC, or a transactivation silent Tat protein mutated in the cysteine-rich region (cys22 Tat) , which, however, enters MDDC as the wild-type (wt) Tat. Finally, inoculation of monkeys with the native Tat induces a predominant Th1 response, whereas cys22 Tat generates mostly Th2 responses, therefore providing a direct demonstration that, in vivo, native Tat induces a Th1-polarized adaptive immune response.
Materials and Methods

Clinical studies: patients
Seventy-two HIV-1-positive clinically asymptomatic patients were examined in the present study. All were naive for antiretroviral therapy and classified as stage A disease category. Of the 72 individuals, 47 were males and 25 females. The median age was 35 y (range 19 -67). Mean value of CD4 ϩ T cell counts was 565.2 Ϯ 163.9/l. Mean value of plasma HIV-1 RNA was 3.75 Ϯ 0.88 Log(range 1.69 -4.96 Log). No concomitant active opportunistic infections were present at the time of the study. All subjects gave written informed consent according to the Ethical Committee procedures.
Measurement of serum Ab against the Tat protein
Serum samples were tested for Ab to Tat protein by ELISA as previously described (14) . To obtain high levels of sensitivity and specificity, two different protocols were applied, which are characterized by different secondary Ab and amplification systems (14) . All sera were tested by both methods. Each sample was tested in duplicate with the addition of a control well, coated with the Ag buffer alone, to normalize for unspecific binding (14) .
IFN-␥ and IL-4 ELISpot assay on human PBMC
ELISpot assays were performed to quantify the frequency of immune cells releasing IFN-␥ and/or IL-4 by using commercial plates and kits (EL285 and EL204; R&D Systems). In brief, after Ficoll separation, 3 ϫ 10 5 PBMC/well were plated in RPMI 1640 10% FBS in the presence of three distinct pools of 15-mer Tat peptides overlapping by 10 aa (each 5 g/ml) spanning the entire Tat sequence (aa 1-102) (UFP Service, University of Ferrara, Ferrara, Italy). In particular, pool 1 spans region 1-50, pool 2 region 41-70, and pool 3 region 61-102 of Tat protein. PHA (2 g/ml) and anti-CD3 (1 g/ml) (R&D Systems) were used as positive controls and medium alone as negative control. After incubation at 37°C in a humidified 5% CO 2 chamber (24 h for IFN-␥ and 48 h for IL-4), the detection Ab was added into wells and incubated at 4°C overnight. Plates were then revealed by a combined treatment with streptavidin-AP and BCIP/NBT Chromogen and, after drying, were read by using an ELISpot Reader (AID ELISPOT Reader System). The tests were considered valid only when positive controls PHA and anti-CD3 showed a number of spot-forming cells (SFC)/ well Ն100 and 50, respectively.
The cellular IFN-␥ secretion response against a specific Ag was considered positive only when the number of SFC/well was Ն9 and fold increase over control was Ն3. The cellular IL-4 secretion response was considered positive only when fold increase was Ն3.
In vitro studies: production and purification of the native HIV-1 Tat protein
HIV-1 Tat from the human T lymphotropic virus type IIIB (HTLV-IIIB) BH-10 (subtype B) was expressed in Escherichia coli and purified by heparin-affinity chromatography and HPLC as described previously (15, 17) . The different lots of Tat protein (lots 61400, 80801, 80802) were highly purified as assessed by analytical HPLC and fully biological active as assessed by the rescue assays on the HLM1 cell line carrying a Tat-defective HIV provirus, as previously published (15, 17) , and by uptake assays on MDDC (15) . Since Tat oxidizes very easily, the protein was always stored lyophilized at Ϫ80°C in the dark, and reconstituted in degassed buffer (PBS-BSA 0.1%) just before use, as described (16, 17) . Furthermore, in every experiment the handling of the protein was performed in the dark and on ice at all times and, to prevent attachment of the protein to surfaces, plastic tips and vials were rinsed in degassed buffer before use. Parallel experiments were also performed with the same lots of Tat (lots 80801 and 80802) upon oxidation by exposure to light and air for 18 h, a procedure which leads to the loss of Tat biological activity due to conformational changes, multimerization, and aggregation. Tat mutated in the transactivating (cysteine rich) domain by the substitution of cysteine 22 with glycine (cys22 Tat) isolated by a long-term nonprogressor individual with high anti-Tat Ab titers was used (19, 20) . Cys22 Tat was expressed and purified according to the same procedures reported above for the wt Tat. This protein (lots 49 and 4203) was inactive in transactivation and in rescue assays (19, 20) , but conserved the monomeric conformation as evidenced by HPLC and uptake assays (see below). Endotoxin content in the different lots of wt (native or oxidized) Tat (lots 61400, 80801, 80802) and cys22 Tat (lot 4203), determined by a commercially available Limulus amoebocyte lysate analysis (Pyrochrome), was always below 0.02 endotoxin unit/g of protein.
Reversed phase HPLC
Reversed phase HPLC analyses of wt (lots 61400, 80801, 80802), oxidized (lot 80801), and cys22 Tat (lot 4203) were performed using a Beckman Gold chromatographic system (Beckman Coulter) equipped with a diode array detection system (model 168). Two hundred microliters of a solution of purified Tat protein (0.05 g/l) were injected onto a 5 M Supelcosil LC 318 column (5 cm ϫ 4.6 mM, intradermal) protected by a Supelcosil LC 318 guard column (2 cm ϫ 4.6 mM, intradermal; Supelco). Solvent A was 0.1% (v/v) trifluoroacetic acid (Fluka), whereas solvent B was 0.1% (v/v) trifluoroacetic acid in acetonitrile (Carlo Erba). The gradient of solvent B used for protein separation was: 10% in 5 min, 10 -40% in 30 min, 40 -80% in 2 min, 80% in 5 min, 80 -10% in 1 min and 10% in 2 min. The flow rate was 1 ml min
Ϫ1
, and the protein detection was performed at 214 and 280 nM. The data were elaborated with 32 KARAT software (System Gold Software).
Rescue assay
HLM1 cells, a HeLa-CD4
ϩ cell line containing an integrated copy of a HIV-1 Tat-defective provirus whose replication is rescued by the addition of exogenous Tat (16, 17) were seeded (7 ϫ 10 4 /ml) in 24-well plates in 500 l of DMEM containing 10% FBS (Invitrogen). After 24 h, culture medium was replaced with 500 l of fresh medium in the presence or in the absence of scalar doses (from 0.5 to 10 g/ml) of wt (lots 61400, 80801 and 80802), oxidized (lot 80802), or cys22 (lots 49 and 4203) Tat. Forty eight hours later, the rescue of HIV-1 replication was monitored in the culture supernatants by an enzyme immunoassay for the detection and quantification (as pg/ml) of p24 core Ag of HIV (Innogenetics). Experiments were repeated (3 to 5 times) for each lot of protein.
Cell preparation and culture
MDDC were obtained from peripheral blood monocytes of different healthy donors and purified as described (15) . Monocytes were induced to differentiate into MDDC by 6 days culture in RPMI 1640 supplemented with 20 mM HEPES (Sigma-Aldrich), 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine (Invitrogen), and 15% FBS (HyClone) (complete medium) in the presence of GM-CSF (500 U/ml) (Leucomax; Novartis or R&D Systems) and IL-4 (1000 U/ml) (PeproTech or R&D Systems). Differentiation to DC (for review, see Ref. 21) , was assessed by morphologic observation using light microscopy and by the detection of characteristic surface markers (CD1a, HLA-DR, CD40, CD80, CD83, CD86) by flow cytometry on cells stained with the following mAb: FITCor PE-conjugated IgG isotypes (negative control), FITC-conjugated anti-HLA-DR (BD Biosciences), FITC-conjugated anti-CD40, -CD80, -CD83, PE-conjugated anti-CD86 (BD Pharmingen), FITC-conjugated anti-CD1a (Serotec). Since only CD1a-positive cells have been shown to efficiently respond to stimuli inducing cell maturation and production of cytokines leading to Th1 responses (22), MDDC with a high proportion of CD1a-positive cells (over 80%) were used to study the Tat-induced maturation.
Cellular uptake of the Tat protein
The uptake of Tat by MDDC was performed as described (15) . In brief, MDDC from healthy donors were cultured (2 ϫ 10 5 /ml) in complete medium in the presence of the HIV-1 Tat (0.1-10,000 ng/ml) or degassed buffer for 10 or 60 min at 37°C in the dark. Cells were then washed with cold medium and treated for 10 min at 37°C with trypsin-EDTA (Invitrogen) to remove any surface bound protein. After fixation and permeabilization, MDDC were stained with affinity-purified rabbit polyclonal anti-Tat IgG Ab (16, 17) or rabbit IgG control Ab (Sigma-Aldrich), followed by FITC-conjugated goat anti-rabbit Ig (Pierce). Stained samples were analyzed by flow cytometry and results were expressed as the percentage of positive cells compared with isotype-stained samples. Non-permeabilized cells were always used as controls.
Induction of MDDC maturation and blocking experiments
MDDC from healthy donors were cultured at the density of 2 ϫ 10 5 /ml in complete medium in the presence or in the absence of serial concentrations (0.3-20 g/ml) of native or oxidized wt (lot 80801 or 80802) or cys22 Tat (lot 4203). LPS from E. coli, serotype 055:B5 (1 g/ml) (Sigma-Aldrich) was used as the positive control. In selected experiments, cells were cultured in the presence of protein G-affinity purified goat Ab blocking TNF-␣, or the relative isotype control (all at 5 g/ml) (anti-human TNF-␣ or normal goat IgG; R&D Systems). After 18 h, cells were washed twice and analyzed for the expression of surface molecules (HLA-ABC, HLA-DR, CD40, CD83, and CD86) by staining with specific mAbs and measurement, in flow cytometry, of mean fluorescence intensity. The cell culture supernatants were stored at Ϫ70°C in small aliquots and assayed for the presence of TNF-␣, IL-12 (p40 or p70) and the ␤-chemokines MIP-1␣ and MIP-1␤ with commercially available kits according to the manufacturer's instructions (Cytoscreen TNF-␣ and IL-12 ELISA kits; Biosource International; human IL-12 p70 ELISA Ready Set kit; eBioscience; Quantikine MIP-1␣ and MIP-1␤; R&D Systems).
Intracellular staining of MDDC for TNF-␣
Intracellular staining (ICS) of MDDC for TNF-␣ was performed by modifying a technique originally developed for PBMC (23) (24) (25) . In brief, MDDC from healthy donors were cultured into propylene tubes (5 ϫ 10 5 cells/ml) for 6 or 18 h in complete medium and in the presence of native wt or cys22 Tat (20 g/ml). LPS (1 g/ml) was used as positive control. A protein transport inhibitor containing brefeldin A (GolgiPlug; BD Pharmingen) was added (1 l for every 1 ml of cell culture) after the first hour of stimulation. Cells were then washed with cold PBS containing 2% FBS and stained for 30 min at 4°C with a FITC-conjugated anti-CD1a mAb (Serotec) or an isotype-matched control mAb, fixed and permeabilized with 1ϫ FACS lysing and permeabilizing solution (BD Biosciences Immunocytometry Systems). Permeabilized cells were then incubated for 30 min at 4°C with a PE-conjugated anti-TNF-␣ mAb (BD Pharmingen) or an isotype-matched control mAb, washed, and kept at 4°C in 1% paraformaldehyde until acquisition by flow cytometry. Stained MDDC (at least 50,000 events) were analyzed in flow cytometry (FACScan equipped with CELLQuest software; BD Biosciences Immunocytometry Systems) and the percentage of TNF-␣ producing CD1a ϩ MDDC determined. 
In vitro assay for Th lymphocyte polarization pattern
MDDC from six healthy donors were transiently exposed (10 min) to native wt Tat (lots 80802 and 040805) cys22 Tat (lot 4203) (10 g/ml), or LPS (1 g/ml), washed and cultured for 18 h at 37°C in complete medium. Autologous thawed PBL were then added at a ratio of 10:1 and cultured in complete medium. Culture supernatants at days 2 and 6 were analyzed for IFN-␥ or IL-4 production by commercial ELISA (Cytoscreen IFN-␥ or IL-4 ELISA kits; Biosource International), or by a human Th1/Th2 cytometric bead array kit (CBA; BD Biosciences). At day 6 of coculture, IL-2 (50 U/ml) was added and at day 12 cells were analyzed for intracellular IFN-␥ and IL-4 detection by ICS according to in-house established methods. In brief, cells were stimulated with 10 ng/ml PMA and 1 g/l ionomycin for 5 h, adding 1 g/ml brefeldin A (GolgiPlug) during the last 4 h of culture. Cells were then harvested, washed, and stained with mAbs FITC-anti-CD3, allophycocyanin-Cy7-anti-CD4, and PerCP-Cy5-anti-CD8 (BD Biosciences), fixed with lysing solution (BD Biosciences), permeabilized with Perm solution (BD Biosciences), and stained on ice for 30 min with allophycocyanin-labeled anti-IFN-␥ and PE-labeled anti-IL-4 mAb (BD Biosciences). Cell fluorescence was evaluated and analyzed by a FACSCanto flow cytometer equipped with FACSDiva Software (BD Biosciences).
Animal studies: immunization of monkeys
Cynomologus monkeys (Macaca fascicularis) were housed singly according to European guidelines for non-human primate care (EEC, directive no. 86-609, Nov. 24, 1986) . Two groups of five monkeys each (ID: AF874, AC252, AF523, AC017, AC259; and AF737, AC276, AC344, AF597, AC296, respectively) were immunized subcute twice (weeks 0 and 4) with either wt Tat (10 g) or cys22 Tat (10 g) mixed in alum (aluminum phosphate) as adjuvant. A third group of four cynomolgus macaques (ID: 61750, 61777, 61780, and 61785) was inoculated intradermally three times (weeks 0, 4, 8) with the wt Tat protein (6 g) without adjuvant. At baseline, corresponding to the day of first Ag administration, and 3 to 4 wk after each immunization, all the animals were clinically examined and blood was drawn from the inguinal vein under ketamine hydrochloride anesthesia (10 mg/kg) for routine blood chemistry tests and immunological determinations (anti-Tat Ab titers, IFN-␥, and IL-4 ELISpot).
Detection of anti-Tat Ab titers in vaccinated monkeys
Monkey serum anti-Tat IgG titers were determined by ELISA as already described (10) . In brief, 96-well microplates (Nunc) were coated with Tat protein (100 ng in 200 l/well of 0.05 M carbonate buffer, pH 9.6) for 12 h at 4°C, and blocked with PBS containing 1% BSA and 0.05% of Tween 20 (block buffer). Duplicates of 2-fold serial dilutions of sera were added to the plates and incubated for 90 min at 37°C. After extensive washing, plates were incubated with an anti-monkey IgG HRP-conjugated Ab (Sigma) for 90 min at 37°C, then washed and incubated with peroxidase substrate (ABTS; Roche) for 50 min at 37°C. The OD of each well was measured with a spectrophotometer and Ab titers were calculated as the highest reciprocal serum dilution giving OD readings Ͼ3 SD above background levels as calculated using preimmune serum.
IFN-␥ and IL-4 ELISpot assay in monkeys PBMC
The number of Tat-specific IFN-␥ and IL-4-producing PBMC was measured by using commercial kits (monkey IFN-␥ and human IL-4 ELISpot; Mabtech), following the manufacturer's instructions. In brief, PBMC (2 ϫ 10 5 /well, in duplicate) were cultured in complete medium in PVDF 96-well plates (MAIP S4510; Millipore) previously coated with anti-IFN-␥ 
Statistics
Statistical analysis was performed using the McNemar test (26, 27) , which is appropriate when both measurements (positive/negative) are made on the same individual subject and summarizes the agreement between the two different sets of results. This test is a non-parametric method used on nominal data to determine whether the row and column marginal frequencies are equal (marginal homogeneity), where the information can be displayed in a 2 ϫ 2 contingency table. If the test result is significant the marginal frequencies are not homogeneous, otherwise there is no difference in the proportions. This test focuses on the discordant pairs; when the discordant pairs are skewed in one direction (for example, more positive/negative than negative/positive), this is evidence that the overall proportion of positives is higher for one measurement than the other. When the discordant pairs are split evenly, this is evidence that the overall proportion is about the same for both measurements. A two-tailed t test was used for the statistical treatment of data gathered from experiments with MDDC.
Results
Adaptive anti-Tat immunity in natural HIV-1 infection
To investigate the type of adaptive immune response to Tat in natural HIV-1 infection, a comparative assessment of Th1/Th2-specific responses to Tat was performed in 72 HIV-1 infected, asymptomatic individuals, naive to antiretroviral therapy. Th1 responses were determined by assessing the frequencies of Tat-specific IFN-␥-producing cells by ELISpot while Th2 responses were evaluated by the assessment of serum levels of anti-Tat Ab by ELISA as well as by the measurement of Tat-specific IL-4-producing cells by ELISpot, respectively. As shown in Fig. 1 , a Th1 response against Tat was found in 43 of 72 (59.7%) individuals, whereas anti-Tat IgG Abs were found in only 9 of 72 (12.5%) individuals. This low frequency is consistent with those previously observed in different cohorts of HIV-infected individuals (6, 7, 14) . Similarly, cellular Th2 responses against Tat were rare, because Tat elicited IL-4 responses in only 4 of the 33 (12.1%) individuals tested. Statistical analysis confirmed a significant difference between the frequencies of Th1 and Th2 responses ( p Ͻ 0.0001) for the whole group of patients ( p ϭ 0.0023 for the subgroup of 33 individuals by the McNemar test) (Fig. 1 and data not  shown) . In addition, a complete agreement was found between the frequencies of Th2 responses (IL-4 responses and IgG serum levels). Therefore, the frequency of individuals positive for IFN-␥ ELISpot is significantly greater than those positive for anti-Tat IgG Ab and IL-4 ELISpot, suggesting the presence of a strong Th1 polarization of the adaptive immune response against Tat in asymptomatic HIV infection. Since Tat enters efficiently MDDC and possess adjuvant properties (15-17), we further explored the effects of native Tat on MDDC, which represent key cells in the recognition and response to viral Ags in vivo.
MDDC efficiently take up wild-type and cys22 Tat but not oxidized Tat
To investigate the effects of biologically active, native Tat on DC, different lots of the protein were characterized for their purity and biological activity. Purified preparations included both wt Tat (before or after oxidation upon exposure to air and light) and a Tat mutated in the cysteine-rich region (cys22 Tat), which lacks transactivation activity. As assessed by analytical reversed phase HPLC ( Fig. 2A) , both recombinant wt (lots 61400, 80801, and 80802) and cys22 (lot 4203) Tat had the same elution profile (i.e., a sharp absorbance peak at the range of 21-23 min of elution), whereas oxidized Tat (lot 80801) displayed a markedly reduced peak, due to change in protein conformation and multimerization. The biological activity of the different Tat proteins was then determined by assessing their capacity of rescuing the replication of a Tat-defective HIV provirus in HLM1 cells by the direct addition of the protein as previously reported (15) (16) (17) . As shown in Fig. 2B , all lots of wt native Tat induced the production of p24 by HLM1 cells in a reproducible and dose-dependent fashion. In contrast, both oxidized and cys22 Tat had no effects, confirming that the transactivating activity is lost upon protein oxidation or by mutation of the cysteine-rich domain of Tat (15, 19, 20) .
Wild-type Tat, oxidized Tat, and cys22 Tat were then used for experiments of uptake by MDDC (15) . As shown (Fig. 3) , both native wt and cys22 Tat were efficiently taken up by MDDC in a dose-dependent fashion in the pico-nanomolar range. In contrast, the uptake of oxidized Tat was either markedly diminished (at nanomolar doses) or undetectable (at picomolar doses), as compared with the native protein, although oxidized Tat was found on the cell surface at levels comparable to those of wt or cys22 Tat in the absence of trypsin treatment indicating a similar binding to the cell membrane (Fig. 3 and data not shown) . Thus, cys22 Tat, although not capable of transactivation activity, maintains the native protein conformation, which is key for its uptake by MDDC. Conversely, the oxidation of Tat alters its conformation and markedly affects its uptake by MDDC.
Wild-type Tat, but not oxidized Tat nor cys22 Tat, induces MDDC maturation and cytokine production
Wild-type Tat, oxidized Tat, and cys22 Tat were then assayed for their effects on MDDC maturation. This was performed by evaluating cell surface molecules expression and cytokine production. For these experiments CD1a-expressing MDDC were selected since this molecule represents a specific hallmark of differentiation (for review, see Ref. 21 ) and only CD1a ϩ -expressing cells have been shown to efficiently respond to stimuli-inducing cell maturation and production of cytokines leading to Th1 responses (22) . As shown in Fig. 4 , native wt Tat induced a significant, dose-dependent increase of the surface expression of HLA-ABC, HLA-DR, CD40, CD83, and CD86 on MDDC. In contrast, both oxidized or cys22 Tat had no effects. Similarly, native Tat, but not oxidized Tat nor cys22 Tat, markedly and significantly increased the production of TNF-␣ and IL-12 and of MIP-1␣, MIP-1␤, as detected by ELISA in MDDC supernatants (Table I) . Thus, only wt native Tat induces both MDDC maturation and production of Th1-type cytokines and chemokines.
Tat mediates MDDC maturation by inducing TNF-␣ production
Among the cytokines and ␤-chemokines induced by Tat in MDDC, TNF-␣ is known to play a key role for MDDC maturation (for review, see Ref. 21) . We have previously demonstrated that Tat transactivates TNF-␣ gene expression by a transcriptional activation of the TNF promoter, which contains a structure similar to the transactivation responsive sequence of the HIV promoter (28 -30) . This requires the full transactivation activity of the protein (28 -30) . Consistent with these data, no production of TNF-␣ and no MDDC maturation were observed by the addition to MDDC of the cys22 Tat protein (Table I) . Therefore, the role of TNF-␣ in the Tat-induced MDDC maturation was further investigated. To this aim, experiments were performed with native Tat in the presence of anti-TNF-␣-neutralizing Ab or an isotype-matched control Ab. As shown in Fig. 5 , the increase of HLA-ABC, HLA-DR, CD40, CD80, CD83, and CD86 induced by Tat on MDDC was abolished in the presence of anti-TNF-␣ Ab. In addition, experiments performed by ICS (Fig. 6) showed that wt Tat induces a statistically significant increase of the number of TNF-␣-producing CD1a ϩ MDDC ( p Ͻ 0.001), whereas cys22 Tat did not. These data suggest that TNF-␣ presumably mediates both Tat-induced MDDC maturation and production of cytokines addressing to Th1 lymphocyte responses. Thus, TNF-␣ production and MDDC maturation induced by Tat require the native conformation of the protein a MDDC from 12 healthy donors were cultured in complete medium in the presence of native, wt Tat (lot 61400 or 80802), oxidized Tat (lot 80802) and cys22 Tat (lot 4203) (20 g/ml). After 18 h, the levels of TNF-␣, IL-12 p40 and p70 (only with 1 donor) and that of MIP-1␣ and MIP-1␤ were evaluated in culture supernatants by ELISA. The results are expressed as mean concentrations (pg/ml) plus SEM. LPS (1 g/ml) was used as the positive control.
‫,ء‬ p Ͻ 0.05 vs control buffer.
for cellular entry and the functional interaction of a transcriptionally active Tat.
Tat-conditioned MDDC induce prevalent Th1 response by autologous lymphocytes
The effect of Tat on Th1/Th2 polarization of the immune response was further evaluated in vitro by determining PBL cytokine production upon coculture with autologous MDDC exposed or not to the Tat protein. Specifically, production of both IFN-␥ and IL-4 was determined in cell culture supernatants and into the cytoplasm of CD3 ϩ lymphocytes collected from six different donors and after stimulation with PMA and ionomycin. Of note, MDDC treated with LPS (positive control) and wt Tat, but not those treated with cys22 Tat, induced the production of high levels of IFN-␥ by autologous PBL (Fig. 7A) . Similarly, Tat-conditioned MDDC induced a marked production of IFN-␥ but a much less pronounced amount of IL-4 by autologous PBL as evaluated by both ICS and CBA (Fig. 7B) . Thus, Tat-treated MDDC address the immune response toward a prevalent Th1 pattern.
Inoculation of monkeys with native Tat induces a predominant Th1-specific immune response, whereas cys22 Tat induces a predominant Th2 response
The next set of studies was performed to verify whether the effects of native Tat observed in vitro on MDDC would also reflect the development of the adaptive immune response to the protein in vivo. To this aim, two groups of five cynomolgus macaques were inoculated subcute twice in the presence of alum with either wt Tat or cys22 Tat. The humoral and cellular specific responses were evaluated at baseline and 3 to 4 wk after each immunization. Anti-Tat Ab were induced in both groups of monkeys, peaking at 3 wk after the second Ag inoculation. However, at this time point the median of the titers in the animals immunized with cys22 Tat (range 1:1600 -1:25,600) was 4-fold higher than in those inoculated with wt Tat (range 1:200 -1:6400) (Fig. 8A) .
Determination of Tat-specific IFN-␥ and IL-4 production by PBMC was performed by ELISpot assay, 3 wk after the second Ag inoculation. In most animals, a specific IFN-␥ and IL-4 production was observed in response to a pool of overlapping Tat peptides. Of note, a predominant production of IFN-␥ in response to Tat peptides was found in the monkeys immunized with the native protein (for IFN-␥ the median SFC/10 6 PBMC was 68, the range 20 to 163; for IL-4 the median SFC/10 6 PBMC was 35, range 18 to 45, respectively) (Fig. 8B) . The ratio IFN-␥/IL-4 was 1.94, whereas the IL-4/IFN-␥ ratio was 0.52. In contrast, a predominant production of IL-4 was detected in the animals inoculated with the cys22 Tat mutant (for IFN-␥ the median SFC/10 6 PBMC was 58, the range 5 to 253; for IL-4 the median SFC/10 6 PBMC was 85 with a range 15 to 453) (Fig. 
Discussion
In this paper we have performed a comparative functional assessment of the humoral (Th2 type) and cellular (Th1/Th2 types) arms of the adaptive immune response to Tat in a cohort of HIV-infected, asymptomatic, drug naive individuals and investigated at different levels the mechanisms governing the development of the anti-Tat immunity. We found that in asymptomatic HIV-1 infection the adaptive immune response to Tat is strongly skewed toward a Th1 type of immunity, which is dominated by cytotoxic T cell responses with a low prevalence of anti-Tat Ab. Of note, these findings are consistent with the low prevalence of anti-Tat Ab reported in HIV-infected individuals, which are found only in a small proportion of asymptomatic individuals (5) (6) (7) (8) (9) 14) .
These data suggested that the low prevalence of anti-Tat Ab in HIV-1-infected individuals is due to a predominant Th1-type polarization of the adaptive anti-Tat immune response in vivo. Indeed, previous data showed that native Tat enters MDDC, induces their maturation, and promotes their capacity of presenting Ag through the preferential development of a Th1-type immune response (15) . This body of evidence prompted us to further investigate the apparent intrinsic adjuvanticity of Tat by exploring the effects of the native, wt Tat protein compared with those of cys22 Tat, a naturally occurring Tat mutant originated from a long-term non-progressor individual (31) , which induced high titers of antiTat Ab (32, 33) .
We found that both wt Tat and cys22 Tat efficiently enter MDDC, whereas the uptake of the oxidized protein is indeed poor or absent. However, despite a comparable uptake by MDDC, wt Tat, but not the cys22 Tat mutant, induces MDDC maturation and Th1-associated cytokines and chemokines production, indicating that, although the native conformation of the protein is required for specific targeting and entry of Tat into MDDC, the transactivating function of Tat is key to the induction of cell maturation and Th1 cytokines production. Since Tat induces TNF gene expression via a transcriptional activation of the TNF promoter, which contains a stem-loop transactivation responsive-like structure similar to the HIV promoter (28 -30) , and since TNF-␣ has been shown to be key for MDDC maturation (for review, see Ref. 21 ), we focused on this cytokine. Indeed, wt Tat but not cys22 Tat induced the production and secretion of TNF-␣, and anti-TNF-␣ neutralizing Ab blocked the effect of native Tat on MDDC maturation, indicating that this cytokine is the main mediator of the effects of Tat. This requires the presence of differentiated CD1a ϩ MDDC and may FIGURE 7. PBL produce mostly IFN-␥ when cocultured with Tat-conditioned MDDC. MDDC from six healthy donors were transiently exposed (10 min) to native wt Tat (lots 80802 and 040805) cys22 Tat (lot 4203) (10 g/ml), or LPS (1 g/ml), washed and cultured for 18 h. Autologous PBL were then added at a ratio of 10:1 and cultured for an additional 12 days. Culture supernatants at days 2 and 6 were analyzed for IFN-␥ and IL-4 production by commercial ELISA or human Th1/Th2 CBA assay and cells at day 12 for intracellular production of the same cytokines upon treatment with 10 ng/ml PMA and 1 g/l Ionomycin for 5 h. A, Levels of IFN-␥ in supernatants of PBL/MDDC cocultures from 6 normal donors at day 2; B, percentage of intracellular cytokine-producing CD3 ϩ lymphocytes (left panel) and levels of IFN-␥ (gray columns) and IL-4 (white columns) in supernatants of cocultures (right panels), from a representative donor. ‫,ء‬ p Ͻ 0.01 vs medium and cys22 Tat. explain the absence of Tat-induced maturation described in a previous report (34) 
in which CD1a
Ϫ cells, which have been shown less responsive to maturation stimuli (22) , were used. Of note Tatconditioned MDDC induced a strong IFN-␥ production by autologous lymphocytes capable of supporting Th1-type immune responses. This effect required Tat transactivation activity since was not induced by the mutant Tat cys22 and it is presumably mediated by TNF-␣.
It is well known that vaccination with soluble proteins and alum induces Th2 responses (for review, see reference (35) and the mechanism has been recently elucidated (36) . As expected, monkeys inoculated twice with cys22 Tat and alum developed a predominant Th2 immune response associated with high titers of antiTat Ab. In contrast, a predominant Th1 response was induced upon inoculation with wt Tat and alum. Moreover, in animals immunized intradermally with wt Tat in the absence of the adjuvant, a marked IFN-␥ production but not Ab response was observed. Thus, wt Tat can address immune response toward a prevalent Th1 pattern, and this effect is relevant also in the absence of any adjuvant.
Overall these data indicate that, upon interaction with MDDC, wt Tat induces, both in vivo and in vitro, immune responses prevalently polarized to a Th1 pattern and that this effect requires the conserved conformation of the protein. This has important implications for understanding the mechanisms governing the generation of the adaptive immune response against virus Ags along specific pathways. On this goal, we have recently shown that picomolar concentrations of the native wt Tat protein modify the catalytic subunit composition of the immunoproteasome, changing the hierarchy of heterologous peptide Ags that are generated, presented, and recognized by CTL (37) . Consistent with these data, mice vaccinated with the HIV-1 Gag, Env, or V2-deleted Env Ags in combination with Tat showed a broadening of Th1-type and CTL responses against a larger number of T cell epitopes, compared with mice vaccinated with these proteins in the absence of Tat. However, Tat did not affect Th2-type responses to these structural HIV proteins (38) . Thus, a growing body of evidence indicates that Tat has potent immunoregulatory functions, which may play an important role in HIV pathogenesis. Indeed, the capacity of native Tat to target, enter, and induce MDDC maturation toward a prevalent Th1 response is consistent with the in vivo data that show a clear Th1 polarization of the adaptive anti-Tat response both in humans and in animal models. This biological property of Tat may have implications for the setting of the anti-HIV-1 immune response in infected individuals. In addition, this property of Tat may be further exploited for vaccination strategies aimed at inducing specific Th1 immune responses against other HIV Ags as well as other intracellular pathogens or even against cancer.
